Objective: To determine the biomechanical effects of implant insertion angle and direction of orthodontic force on maxilla and mandible by finite element approach and factorial analysis. Materials and Methods: A three-dimensional finite element bone block models of maxilla and mandible with type D3 and D2 bone quality were constructed. Mini-implants were inserted at 30°, 60°, and 90° and orthodontic force was applied to the center of the mini-implant head at 60°, 90°, and 120° angulation. ANSYS software was used to evaluate the stress on implant, stress on bone and displacement of bone. Results: Maximum von Mises stress was observed at 30° insertion angle. The stress on implant, stress on bone and displacement of bone increased as the insertion angle decreased from 90° to 30° and was statistically significant in both maxilla and mandible. The direction of orthodontic force had no statistically significant effect on stress and displacement around mini-implant in both maxilla and mandible. The stress on bone and displacement of bone was greater in maxilla compared to that of mandible and was statistically significant. Conclusion: Placement of mini-implant perpendicular to the long axis of the tooth reduces the stress concentration around the mini-implant and its interface, thereby increasing the likelihood of implant stability. The direction of orthodontic force has no significant effect on implant stability.
IntRoductIon
Anchorage control is an important factor for the success of orthodontic treatment. Conventional dental anchorages might be neither sufficient nor effective in providing absolute anchorage. Extra oral appliances like headgear requires patient cooperation and anchorage loss is often observed despite the use of this appliance. [1, 2] Though intraoral appliance like trans palatal arch, lingual arch, nance holding arch, lip bumper does not require patient compliance, the disadvantage of these appliances is that it does not provide absolute anchorage in all three planes. Temporary anchorage devices have attracted great attention in recent years because of its ability to provide absolute anchorage, versatility, minimal surgical invasiveness, low cost, and the fact that they can be immediately loaded after surgery. [2, 3] The success rates of orthodontic mini-implants have been reported differently because of several factors affecting their success rates. [4] [5] [6] Research studies have investigated biomechanical factors such as site of implantation, [2] orthodontic force level, [7] length and diameter of mini-implant, [8] [9] [10] cortical bone thickness, [2] and root proximity [4] that might be related to the failure of mini-implants.
Finite element analysis of stress and displacement around mini-implant using different insertion angles and various direction of orthodontic force in maxilla and mandible
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The proper angle of insertion of mini-implant is important for cortical anchorage and various studies have shown perpendicular implant placement to the long axis of tooth offers more stability to the orthodontic loading. [11] [12] [13] [14] [15] Liu et al. [2] suggested an oblique loading direction reduces stress on mini-implant compared to the perpendicular direction of force. Lin et al. [16] suggested that the direction of orthodontic force had no significant effect on cortical bone stress.
It is virtually impossible to measure stress accurately around mini-implant in vivo. A three-dimensional finite element analysis provides useful information on stress distribution in the maxillofacial region when the mini-implants are loaded using simulated models. The complexity of the mechanical characterization of bone and its interaction with mini-implant systems have forced researchers to make major simplifications and assumptions to make the modeling and solving process easier.
A key to the success or failure of mini-implant is the manner in which stresses are transferred to the surrounding bone. Hence, in this study, we intend to evaluate the stress distribution around mini-implant and displacement of cortical bone through finite element analysis using different insertion angles of implant and various direction of orthodontic force in both maxilla and mandible.
Aims and objectives
• To determine and compare the stress distribution on mini-implant and alveolar bone during retraction of anterior teeth using different insertion angles in maxilla and mandible • To determine and compare the stress distribution on mini-implant and alveolar bone during retraction of anterior teeth using various direction of orthodontic force in maxilla and mandible • To investigate the displacement of bone during retraction of anterior teeth using different insertion angles and various direction of orthodontic force in maxilla and mandible.
MateRIals and Methods
A cylindrical small head type mini-implant (SH 1312-08, AbsoAnchor, Dentos, Korea) was used in this study [ Figure 1 ]. The dimension of mini-implant was 1.3 mm diameter, 8 mm length, 60° thread angle and 0.5 mm thread pitch as prescribed by the manufacturer.
A three-dimensional finite element bone block model integrated with a mini-implant was constructed with a computer-aided design program to stimulate an orthodontic anchorage unit. A 8 mm × 14 mm × 10 mm (height × width × depth) bone block model was prepared with cortical and cancellous bone. It represents the interradicular space between the first molar and the second premolar of maxilla and mandible where mini-implants were inserted at 3 different angles [ Figure 2 ]. The thickness of cortical bone varies between both arches. The thickness of cortical bone is considered to be 1 mm in maxilla and 2 mm in mandible surrounding the inner trabecular bone. [12] Finite element method analytical method
Total of six finite element bone block models, three each for maxilla and mandible with specific dimensions are constructed from the computed tomography scan. CAD designing Pro-Engineer software (Version 12, Versetia Technologies, ANSYS Inc, Canonsburg, USA) was used for model construction to simulate the mini-implant inserted into the bone at various insertion angles 30°, 60°, and 90° to the long axis of tooth. Both bone and mini-implant were homogeneous, isotropic, and linear elastic.
The ANSYS software (Versetia Technologies, ANSYS work bench 12, ANSYS, Inc., Southpointe, 2600 ANSYS Drive, Canonsburg, PA 15317, USA) was exported over constructed three-dimensional models. The models were meshed with 4-nodes tetrahedral solid elements and the mechanical properties of each material such as bone and mini-implant were loaded from the previously published values. [12] For loading condition, a orthodontic force magnitude of 200 g was applied over the head of the mini-implant inserted at 30°, 60°, and 90° to the long axis of tooth, and the orthodontic force was applied from three different angles 60°, 90°, and 120° for retraction of anterior teeth [ Figure 3 ]. Maximum von Mises stress distribution was analyzed using ANSYS software on mini-implant and cortical bone on maxillary and mandibular models and compared. On the other hand, the maximum displacement of cortical bone was analyzed by applying same factors and compared on both maxillary and mandibular models [ Figure 4 ].
Results
The statistical analysis was performed by Statistical Package for Social Science (SPSS, (version 22, SPSS Inc, IBM, India.) version 11.5. Descriptive statistics of mean and standard deviation for the distribution of stress on implant, stress on bone and displacement of bone for various implant insertion angles and orthodontic force angles separately were calculated. One-way analysis of variance (ANOVA) was performed to compare each implant insertion angle with all the three orthodontic force angles in both maxilla and mandible. Similarly, each orthodontic force angle was compared with all the three implant insertion angles. Inferential analysis of Student's t-test was performed to compare the stress on implant, stress on bone and displacement on bone between maxilla and mandible.
Calculation of maximum von Mises stress on implant, stress on bone and displacement of bone for various insertion angles in maxilla
The ANOVA test performed to calculate the stress and displacement for various insertion angles indicates that the maximum von Mises stress on implant, maximum stress on bone and maximum displacement of bone decreases as the insertion angle increases from 30° to 90°and was statistically significant [ Table 1 ].
Calculation of maximum von Mises stress on implant, stress on bone and displacement of bone for various direction of orthodontic force in maxilla
In maxilla, various orthodontic force angles affecting the stress on implant, stress on bone and displacement of bone was not statistically significant. Maximum stress on implant and maximum stress on bone was observed in 90° orthodontic force angle with a mean value of 10.50 MPa and 5.04 MPa, respectively. Displacement of bone observed was more in 60° orthodontic force angle with a mean value of 3.17 MPa [ Table 2 ].
Calculation of maximum von Mises stress on implant, stress on bone and displacement of bone for various insertion angles in mandible
The results shows it is clear that the maximum von Mises stress on implant, maximum stress on bone and maximum displacement of bone decreases as the insertion angle increases from 30° to 90° and it was statistically significant [ Table 1 ]. Comparison of stress on implant, stress on bone and displacement of bone using different insertion angles and various orthodontic force angles in maxilla
During implant insertion at 30 o angle, the maximum stress on implant (14.07 MPa), maximum stress on bone (6.13 MPa), and maximum displacement of bone (3.70 µm) were observed with an orthodontic force angle of 90° [ Table 3 ].
In 60° implant insertion angle, the maximum stress on implant (11.0 MPa) and maximum displacement of bone (3.50 µm) were observed with an orthodontic force of 60° whereas the maximum stress on bone (6.04 MPa) was observed with an orthodontic force value of 90°.
In 90° implant insertion angle, the maximum stress on implant (6.64 MPa) was observed with an orthodontic force of 90°, the maximum stress on bone (2.85 MPa) was observed with an orthodontic force of 60°, and the maximum displacement of bone (2.48 µm) was observed with an orthodontic force of 120°.
Comparison of stress on implant, stress on bone and displacement of bone using different insertion angles and various orthodontic force angles in mandible
In mandible, 30° implant insertion angle, the maximum stress on implant (10.63 MPa), maximum stress on bone (3.79 MPa) and maximum displacement of bone (3.0 µm) was observed with an orthodontic force angle of 90° [ Table 3 ].
In 60° implant insertion angle, the maximum stress on implant (8.43 MPa) and maximum stress on bone (3.56 µm) were observed with an orthodontic force of 90° whereas the maximum displacement of bone (2.67 µm) was observed with an orthodontic force value of 60°.
In 90° implant insertion angle, the maximum stress on implant (7.34 MPa) and maximum displacement of bone (2.15 µm) were observed with an orthodontic force of 60°. Maximum stress on bone (2.70 MPa) was observed with an orthodontic force of 120°.
Comparison of stress on implant, stress on bone and displacement of bone between maxilla and mandible
Inferential analysis of Student's t-test showed statistically significant results for the stress and displacement of bone between maxilla and mandible [ Table 4 ]. Maximum von Mises stress on bone was more in maxilla (4.84 MPa) than in mandible. Similarly, the displacement of bone was more in maxilla (3.07 MPa) than in mandible. Stress on implant values was not statistically significant in maxilla and mandible. 
dIscussIon
The proper angle of insertion is important for cortical anchorage, patient safety, and biomechanical control. [12] [13] [14] Different implant insertion angles 30, 60°, and 90° were used in this study. In general, the stress induced on cancellous bone is much lower than that on the cortex. [12, 16] Therefore, only cortical bone stress was examined in this present study.
The results found that in maxilla, the maximum von Mises stress for various insertion angles indicated that the stress on implant decreased from 30° to 90° with maximum stress (12.28 MPa) observed at 30° insertion angle, this may be due to longer lever arm at 30° implant insertion angle. Longer lever arm reduces the implant anchorage resistance so that failure can occur even within orthodontic force levels. [13] Previous studies by Zhang et al. [14] and Jasmine et al. [12] (2011) reported that when the implant insertion angle was increased from 30° to 90°, the stress on the cervix of the implant was decreased in maxilla.
The maximum von Mises stress on bone in maxilla was decreased with increase in insertion angle from 30° to 90° with maximum stress (5.90 MPa) observed at 30° insertion angle. Increased stress on bone at 30° may be due to the fact that the buccal surface of the mini-implant has less bone contact when compared to that of the lingual surface and some part of the threaded portion might be left unsupported by the bone due to the decreased angulation of the mini-implant. [12, 17] Woodall et al. [13] found that the stress on bone was decreased when the implant insertion angle was increased from 30° to 90° in maxilla.
This study showed the displacement of bone in maxilla decreased with increase in insertion angle from 30° to 90° with maximum displacement (3.43 µm) observed at 30° angulation. The exposure length of the lever arm may be the possible reason for increased displacement of bone at implant-bone interface. If the cortical bone displacement exceeds the specified physiologic limit, it may cause necrosis and micro fracture of the osseous tissue, ultimately leading to the failure of the mini-implant. [14] In this study, the maximum von Mises stress on bone in mandible decreased with increase in insertion angle from 30° to 90° with maximum stress (3.43 MPa) observed in both 30° and 60° angulation, the reason may be that some of the threaded portion of mini-implants are exposed in 30° and 60° implant insertion angle. [18] The mini-implant failure is mainly due to loss of primary stability. Clinically, the loss of primary stability occurs due to increased stress on bone which in turn leads to more macrophages, cytokines, and inflammatory mediators at the site. The biomechanical stress and strain at the implant-bone interface result in peri-implant inflammation, which in turn causes bone loss. [12] This supports the studies conducted by Woodall et al. [13] Jasmine et al. [12] that the stress on bone decreases as the insertion angle of implant increased from 30° to 90°. Lin et al. [16] found that the increase in implant insertion angle from 60° to 120° decreases stress on bone.
In this study, the displacement of bone in mandible decreased with increase in implant insertion angle from 30° to 90° with maximum displacement (2.73 µm) observed at 30° angulation. It may be due to increased lever arm exposure as the implant insertion angle decreased.
The maximum von Mises stress on implant, bone and displacement of bone for various orthodontic force angles was statistically insignificant in both maxilla and mandible. These finding were similar to the study of Lin etal. [16] In maxilla, results showed that when the implant of 30° insertion angle and an orthodontic force was applied at 90° angulation, a maximum stress on implant (14.07 MPa), the maximum stress on bone (6.13 MPa), and maximum displacement of bone (3.70 µm) were observed and in mandible, the maximum stress on implant (10.63 MPa), the maximum stress on bone (3.79 MPa), and maximum displacement of bone (3.0 µm) were observed but was not statistically significant. The increased values with a force direction of 90° may be due to pure bending load of mini-implant as compared to 60° and 120° with bending plus axial loading.
Comparison of maximum von Mises stress on implant, bone and displacement of bone between maxilla and mandible using different insertion angles of implant and various direction of orthodontic force indicates that the maximum stress on bone (4.84 MPa) and the maximum displacement of bone (3.07 MPa) was observed in maxilla than in mandible and was statistically significant. This is mostly due to the difference in the modulus of elasticity in the cortical and the cancellous bones, as well as the greater cortical bone thickness of the mandible. It was obvious that the bone stress is higher in cortical than in the cancellous bone, and the orthodontic stress was mainly bone to the cortical bone. [16] Lin et al. [16] suggested that the increase in cortical bone thickness decreases the stress around mini-implant. Jasmine et al. [12] (2013) reported that the maximum von Mises stress on bone was higher in maxilla compared to that of mandible.
Previous studies by Miyawaki et al., [19] Deguchi et al. [15] suggested placement of mini-implant at 30° insertion angle increases the stability of implant due to increased cortical bone contact with the mini-implant. In contrast Woodall et al., [13] Lee et al. [18] (2013), and Jasmine et al. [12] (2013) have recommended placing mini-implant at 90° to the bone surface increases the biomechanical stability of mini-implant, while indicating that placement angle <90° potentially creates longer lever arms causing increased stress and displacement around the mini-implant and these findings support our result that placing implants perpendicular to the bone surface increases implant stability. A previous study conducted by Liu et al. [2] (2012) suggested an oblique loading direction instead of the perpendicular direction of force. This is due to the fact that the bending load induced much higher stress than an axial load. In contrast, Lin et al. [16] reported that the direction of orthodontic force had no significant effect on the stress around the mini-implant. Based on our results and those of previous studies, placement of mini-implant perpendicular to the long axis of the teeth is recommended as long as root damage can be avoided to increase the biomechanical stability. The orthodontic force angle had no statistical significance on stress and displacement around the mini-implant on both maxilla and mandible.
Although the parameters evaluated in this finite element study are based on clinical conditions, we understand that the biological tissue and the finite element model are not identical. It is impossible to measure stresses around the mini-implant in vivo. [16] Hence, this study incorporated biomechanical factors, which might not be exactly comparable to the real situation. The human tissue may vary between patient to patient and between male and female. Hence, it is impossible to replicate the living tissue exactly in a finite element model and this should be considered when interpreting the results of this study.
conclusIon
The conclusions derived from this study are:
• The comparison of the maximum von Mises stress in the mini-implant reported, that as the insertion angle increased from 30° to 90°, stress decreased in both maxilla and mandible • The comparison of the maximum von Mises stress in the cortical bone reported, that as the insertion angle increased from 30° to 90°, stress decreased in both maxilla and mandible • The comparison of the maximum displacement of cortical bone at implant-bone interface reported that as the insertion angle increases from 30° to 90°, the displacement of bone decreased in both maxilla and mandible • The comparison of maxilla and mandible showed that the maximum von Mises stress on cortical bone and the maximum displacement of bone were greater in maxilla than in mandible • Direction of orthodontic force has no significant effect on stress and displacement around mini-implant in both maxilla and mandible.
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